We performed a teleseismic P wave tomography study using seismic events at both teleseismic and regional distances, recorded by a temporary seismic array in the Argentine Puna Plateau and adjacent regions. The tomographic images show the presence of a number of positive and negative anomalies in a depth range of 20-300 km beneath the array. The most prominent of these anomalies corresponds to a low-velocity body, located in the crust, most clearly seen in the center of the array (27°S, 67°W) between the Cerro Peinado volcano, the Cerro Blanco caldera and the Farallon Negro in the east. This anomaly (southern Puna Magmatic Body) extends from the northern most part of the array and follows the line with the highest density of stations towards the south where it becomes smaller. It is flanked by high velocities on the west and the east respectively. On the west, the high velocities might be related to the subducted Nazca plate. On the northeast the high velocity block coincides with the position of the Hombre Muerto basin in the crust and could be indicating an area of lithospheric delamination where we detected a high velocity block at 100 km depth on the eastern border of the Puna plateau, north of Galan. This block might be related to a delamination event in an area with a thick crust of Paleozoic metamorphic rocks at the border between Puna and Eastern Cordillera. In the center of the array the Southern Puna magmatic body is also flanked by high velocities but the most prominent region is located on the east and is interpreted as part of the Sierras Pampeanas lithosphere with high velocities. The position of the Sierras Pampeanas geological province is key in this area as it appears to limit the extension of the plateau towards the south.
Introduction
The Andean mountains are directly related to the process of subduction of the oceanic Nazca plate beneath the South American continental plate. The main topographic feature in the Central Andes is known as the Altiplano-Puna plateau, which is flanked by regions of sub-horizontally subducting segments to the north and south. The approximate dividing line between the distinctive Puna and Altiplano parts of the plateau is approximately at the latitude of 22°S, near the Bolivian-Argentine border (Fig. 1A ). Significant variations along the plateau include local differences in the pre Andean geologic history; Andean uplift, amount of shortening and magmatism, and modern topography and Wadati-Benioff geometry. (e.g., Allmendinger et al., 1997; Cahill and Isacks, 1992; Kay and Coira, 2009; Oncken et al., 2006 and references therein) .
In general, the Puna plateau is bounded to the west by the Andean Neogene Central Volcanic Zone (Western Cordillera, WC or Central Volcanic Zone, CVZ) and to the east by an active westward verging thin-skinned foreland thrust belt (deformed Paleozoic rocks of the Eastern Cordillera). Allmendinger et al. (1997) summarize the evidence that the Puna does not present a well-developed thin-skinned thrust belt to the east and has more irregular topography than the Altiplano.
The more irregular topographic surface of the Puna plateau is due to the effects of crustal segmentation that created small closed basins that are responsible for localized shortening and surface uplift at both margins of the plateau (e.g., Riller and Oncken, 2003) . Such segmentation is induced, in part, by a number of lineaments or strike-slip faults limiting continuous deformation across the plateau. Some of these lineaments are seismically active (e.g. Schurr et al., 1999) , with small earthquake concentrated along the eastern border of the plateau and the Olacapato-Toro Lineament (known as the Olacapato-El Toro Fault Zone). The Olacapato-Toro Lineament (OT-L) is a prominent shear zone located to the north of our study region which extends northwest from the city of Salta across the Puna plateau and may reach the coast of Chile. A recent magnitude Mw 6.1 earthquake on the 27th February 2010 indicates that this fault system is still tectonically active. These lineaments are considered to play a key role in the differences between the northern and southern Puna plateau (e.g. Alonso et al., 1984; Ramos, 1999) (Fig. 1A) .
The northern Puna plateau, between~22°S and 24.5°S, is structurally separated from the southern Puna,~25°S-28°S, by the NW-SE-trending lineament (i.e. O-T-L) (Fig. 1A) . A system of parallel strike-slip faults to the north and south, which are considered to be zones of lithospheric weakness (i.e. Archibarca, Culampaja and Ojos del Salado lineaments) coincide with a series of strato-volcanic edifices that comprise the largest volcanoes of the Puna plateau and some of the highest active volcanoes on earth (e.g. Ojos del Salado). The most significant north-south structural changes in the back-arc, along the eastern border of the plateau are the termination of the thin-skinned Subandean belt near 23°S. This change correlates with the end of Paleozoic basins and the superposition of the Upper Cretaceous rift basins in the foreland south of 24°S where the thickskinned Santa Barbara System replaces the thin-skinned Subandean belt and south of 26°S where northern Sierras Pampeanas replace the Eastern Cordillera (Fig. 1B ) (e.g., Allmendinger et al., 1997; Kay and Coira, 2009; Kley and Monaldi, 1998) .
Topographically, the Puna plateau in Argentina has an average altitude of~4.2 km above sea level and is about 1 km higher than the Altiplano plateau of Bolivia (~3.2 km). The crustal thickness of the northern Puna plateau is~60 km (i.e. 10 km thinner than the (Cahill and Isacks, 1992 Altiplano) and has a Moho topography with significant depth variations beneath the plateau north of 24°S (e.g. McGlashan et al., 2008; Yuan et al., 2002) and is more homogeneous near 25°S (e.g. Heit et al., 2007; Woelbern et al., 2009) . Young mafic magmatism in the southern part of the Puna has been described as one of the important features distinguishing the northern and southern parts of the plateau (Kay et al., 1994) . These observations have also been used as evidence of more recent delamination of a part of the lower crust and upper mantle to explain the higher topography and thinner lithosphere under the southern Puna (e.g. Kay and Kay, 1993; Kay et al., 1994; Whitman et al., 1996) .
The Southern Puna plateau has a thinner continental lithosphere (Heit et al., 2007; Whitman et al., 1992) , a slab with an intermediate dip between a steeper segment to the north and a shallower segment to the south (e.g., Cahill and Isacks, 1992; Mulcahy, 2012; Mulcahy et al., 2010 in prep) and a distinct sedimentary and magmatic and structural history (e.g. Allmendinger et al., 1997; Kay and Coira, 2009; Kay et al., 1999; Marrett et al., 1994) than the Altiplano. Furthermore, the estimated crustal shortening ratio is less in the region of the Puna than the Altiplano (e.g. Kley and Monaldi, 1998; Kley et al., 1999) and is concentrated in the Eastern Cordillera, the Santa Barbara System and the northern end of the Pampean ranges. Francis et al. (1989) De Silva and Gosnold (2007) and Kay et al. (2010 Kay et al. ( , 2011a among others have discussed the amount and generation of crustal melts in the Puna plateau and all interpret the large-volume ignimbrites as having at least 50% crustal melt. Kay and Kay (1993) and Kay et al. (1994) Kay et al. (2011a Kay et al. ( , 2011b have suggested that the presence of the~6.5-2 Ma Cerro Galan caldera and its sequence of associated large ignimbrite deposits are a consequence of delamination processes in the southern Puna.
The differences in compositions of the volcanic rocks in the southern Puna may reflect the characteristics of the mantle derived fluids and melts involved in upper-crustal melting (Kay et al., 1994) . Schurr et al. (1999 Schurr et al. ( , 2003 proposed a model, based on local tomography data, for the Puna at~24°S where the ascending path for the fluids causes melting of the overlying mantle and suggested a strong horizontal component for the path the magma has taken to the surface.
The Puna south of 25.5°S is a region that prior to this study, had little geophysical information. A thinner lithosphere in the Puna near 25°S was suggested by shear wave attenuation data (Whitman et al., 1992 (Whitman et al., , 1996 , gravity interpretations (Prezzi et al., 2009; Tassara et al., 2006) and receiver function estimates by Heit et al. (2007) . Gravity measurements also suggest a relatively thin crust under parts of the southern Puna plateau (e.g. Prezzi et al., 2009; Tassara et al., 2006) and are consistent with the crustal thickness values between 45 km and 60 km obtained from seismic data (e.g. McGlashan et al., 2008; Yuan et al., 2002) .
Previous seismological studies revealed low velocities in the crust and asthenosphere beneath the southern Puna plateau, suggesting higher temperatures than the northern Puna and the Altiplano (Heit, 2005; Heit et al., 2007 Heit et al., , 2008 Isacks, 1988; Scire et al., 2011; Whitman et al., 1992 Whitman et al., , 1996 Woelbern et al., 2009 ). The maximum crustal thickness along a profile at 25.5°S obtained from the receiver function image, is nearly 60 km and the tomographic images show low velocity anomalies in the crust that lessen into the mantle indicating that are consistent with asthenospheric material reaching the Moho (Heit, 2005; Woelbern et al., 2009) .
From November 2007 to October 2009 a passive source seismic experiment was deployed throughout the southern Puna plateau between 25°S and 28°S by US, German, Argentine and Chilean institutions (see Fig. 1B ). Travel time data from this array are used in this study to resolve more clearly the subsurface structure beneath the southern Puna by performing an integrated tomographic analysis using teleseismic and regional events.
Data and methodology

The seismic network
A passive source seismic array, of 74 stations, was deployed across the southern Puna Plateau for a period of two years. The station distribution is shown in Fig. 1B . The seismic experiment was configured to have two orthogonal arrays surrounded by a 2D sparse array. The station spacing was between 10 and 20 km along both the north-south and east-west transects while the inter-station distance in the 2D network was 35-50 km. A variety of broadband and intermediateperiod sensors were used in the experiment, including Streckeisen STS-2; Güralp 3-T, 3ESP and 40-T; Nanometrics Trillium-40S and Trillium 120S and Mark L4. Continuous waveform data are archived at the IRIS and GEOFON data centers.
Data preparation and phase picking
We performed teleseismic P wave tomography using teleseismic P (including Pdiff) as well as regional P waves. The use of different P waves may help to increase the spatial resolution because of the differences in the ray paths. The regional P waves arrive at shallower incident angles than the teleseismic P wave, whereas the Pdiff waves arrive at the stations at near-vertical incident angles. From the USGS global PDE catalog we selected teleseismic P phases at epicentral distances between 30°and 95°with magnitudes (mb) greater than 5.5; Pdiff at distances of 95°-150°with magnitudes greater than 6.5 and regional P phase between 2°and 30°with magnitudes greater than 5.0. Vertical component waveform data are visually selected for the signal/noise ratio and number of records for each event. The 378 selected events are shown in Fig. 2 . The regional events are mainly located along the Andean subduction zone and have a back-azimuth around 0°or 180°in relation to our network. The teleseismic events have a fairly good azimuthal distribution with respect to our network. In total, 17 410 ray paths were obtained for the selected events covering the major part of the area with crossing rays beneath the seismic array down to a depth of 300 km as shown in Fig. 3 . We Fig. 2 . Map of the teleseismic (red) and regional (green) events used in the inversion. Only those events that have more than 5 picks are considered for the tomographic inversion. divided the study area by regular grids with the size of 10 × 10 × 5 km. The normalized ray path density in Fig. 3 represents the length of the total ray paths crossing each box normalized by the average ray path length over the entire model grids with non-zero path length (42.9 km). The best ray coverage is in the lower crust and upper mantle at depths of 35-200 km.
To compare waveforms recorded at different stations with different types of seismometers, we removed the instrument response from the waveforms and then applied a bandpass filter (0.5 to 2 Hz). For each event, we aligned P waveforms of different stations at the maximum or minimum amplitude and picked the P wave travel time residuals relative to a reference station. In Fig. 4 we show two examples for teleseismic and regional events. In both sections band passed filtered P wave seismograms are sorted by the epicentral distance and aligned by picked P wave arrivals. Normalized Ray Density Fig. 3 . Normalized ray path density at different depths. The ray density was calculated in a regular grid of 10 × 10 × 5 km. Inside each box instead of counting the number of crossing rays, the total length of the ray segments length is summed up and normalized by the average ray path length pro box in our model (42.9 km). A value of 1 means that approximately 4 full ray paths pass through the box, which should indicate good ray coverage. Values smaller than 1 show areas with less than the average ray density. The best ray coverage is located in the lower crust and uppermost mantle at depths of 35-200 km. Solid lines define the major tectonic units as in Fig. 1 . the teleseismic events are very similar, so all the traces are aligned coherently. The wavefield of the regional event displays a complex pattern due to strong heterogeneities along the ray paths and multiple interferences of regional wave fields, such as Pg, Pn and mantle P waves. However, as we picked relative residuals of the regional phases at different stations and the radius of our array is relatively small compared to the majority of the regional path lengths, most regional sections are dominated by the same phases. In the case that multiple phases exist in a section we attempted to pick the earliest arrival. Accordingly, our tomography code uses the first arrival of the regional phases. Therefore, the interference caused by the regional P wave phases is negligible in our inversion. We note that the large residuals at some stations are outliers caused by GPS timing errors due to e.g. poor satellite coverage and are removed from the final dataset. Station elevation and Moho topography can strongly influence the P wave residuals and should, therefore, be considered while constructing the velocity model. We have collected the Moho depth data from published sources (Heit et al., 2007; McGlashan et al., 2008; Woelbern et al., 2009; Yuan et al., 2002) and created a crustal thickness model after interpolation and smoothing (Fig. 5) . We also included some preliminary P and S receiver function results from our own unpublished data using the same dataset to improve the Moho topography.
Inversion of teleseismic events
We followed the approach used by Koulakov and Sobolev (2006) and Heit et al. (2008) and introduced modifications mainly regarding the intrinsic incompatibility of the ray geometry and travel time residuals for regional and teleseismic distance events. The resulting velocity model was computed at the nodes of a parameterization grid distributed in the study volume according to the ray density.
The parameterization nodes are distributed in space according to the ray density (Koulakov, 2009) where the minimum distance between grid nodes is set to 10 km in each direction. We use the same smoothing and damping parameters in all real and synthetic models. Therefore, the influence of the chosen values for those parameters can be estimated on the base of the results obtained from the synthetic tests. Our algorithm can be visualized by the flow chart in Fig. 6 . In this new approach, we consider both regional and teleseismic data and try to improve the results obtained by these methods independently. By integrating both data sets, we are able to obtain well constrained images from the study area between 20 km and 350 km depth.
The result of the inversion of teleseismic events including only P phases (inversion path a in Fig. 6 ) is shown in Fig. 7 . Horizontal sections at depths of 35 and 75 km show widespread low velocities in the crust and uppermost mantle beneath the high Puna Plateau. The Puna plateau can be clearly identified by the distinct borders between low crustal velocities below the plateau and high velocities to the west and southeast of the plateau. The mantle portion at 150 km depth is dominated by the high velocity subducted oceanic slab. Although, it is very difficult to quantify the velocity anomaly of the slab by teleseismic residuals data alone. At 300 km depth, low velocity is widespread in the central area in the mantle beneath the subducted slab, whereas the high velocity anomaly in the eastern part indicates the deeper part of the slab. Note that the extremely high velocity in the southeast corner is, to a certain degree, an artifact, probably caused by the projection of high velocity of the deeper slab outside the study area where the teleseismic rays pass through. As most of the ray paths are near-vertical, there is significant vertical smearing.
Inversion of regional events
South America is a seismically active region with a high number of earthquakes at local and regional distances from our array. The regional P waves traveling along much shallower paths, can potentially improve the resolution where teleseismic data does not provide any data. The inclusion of regional events has helped us to increase data coverage, improve the resolution in the crust and resolve some ambiguities caused by vertical smearing. The result of inversion using only regional events (following the inversion path b in Fig. 6 ) can be seen in Fig. 8 . These images show the strong influence of the slab as most of the events are located just above the subducting slab between the Nazca and South American plates and have northsouth back azimuths. Due to the shallow travel paths, the resolution using only local and regional events, is lost beneath 200 km. Although, some features can be still recognized from the teleseismic only inversion. As in the northeastern corner of our study area; however, the western area has extremely high velocities, which is not seen in the teleseismic inversion in Fig. 7 . One explanation for this situation could be that the regional P waves travel parallel to the strike of the subducted Nazca slab so that the travel time residuals might be significantly contaminated by the portion of the high velocity slab outside the study area. This is more evident towards the west where the slab is deepening with a very low angle.
Joint inversion of teleseismic and regional events
Here we present a joint inversion approach described in Fig. 6 (path c) to account for the high velocity anomaly of the slab outside the study area. Based on the International Seismological Center (ISC) earthquake catalog, we performed a global P teleseismic wave tomography focusing on South America to resolve a 3-D structure of the subducted oceanic slab. The joint inversion has resulted in an improved vertical resolution as well as the reduction of apparent slab artifacts.
In this case, we used the data from the ISC in the period from 1964 to 2007, which contains global arrival times recorded at stations of the global seismological network (Fig. 9 ). The concept of reciprocity of source-receiver pairs can then be used to improve the results in our study area following the approach of Koulakov and Sobolev (2006) . They showed that the ITS (Inverse Tomographic Scheme) can produce stable seismic images in regions where seismic sources are located and vice versa considering the position of the stations. Furthermore, the ITS allows the relocation of events simultaneously with the determination of velocity perturbations in one inversion. This simultaneous inversion for source parameters and velocity models should improve the reliability and resolution of the resulting models. In this way, the ITS approach makes use of seismic events in the study region and treats them in a similar way as if they were seismic stations. These events are relocated during the inversion process. It should be noted that the presence of stations within the study region, as in our case, significantly increases the stability of the solution as this allows us to better locate the events.
As in Koulakov and Sobolev (2006) , the inversion was performed in several mutually overlapping circular regions, which were later unified into one model. We used a total of six circles located along the axis of the Andes (Fig. 9) . The radius of the circles is 8°. The inversion is carried out in fragments because the optimal operation of the ITS is provided when the lateral size of the study region is approximately two times greater than the vertical size. We selected a total of about 13,700 sources located in these circular regions. During their selection, the minimal number of phases was equal to 10 and the minimal empty azimuthal segment did not exceed 180°. A total of 1,160,000 P-phases were selected for the tomographic inversion.
The result of the global tomography using data from the ISC catalog is shown in Fig. 10 . Due to an uneven distribution of station and events, the oceanic slab is very well reconstructed in some regions (e.g., lines 1-3), but only partly resolved in others (e.g., lines 4). Line 3 runs across the study area and is relatively well recovered while line 4 covers the area where the flat slab region is located. There are also differences in the parameterization, smoothing and damping between global and regional tomography. To account for these differences, we performed a checkerboard test (the model has + 3% and − 3% velocity anomalies) for slab resolution by the global inversion and used the result of the test as a guideline to calibrate the slab anomaly for the global inversion. Specifically, we divided the South American continent into several sub-regions and applied the different correction factors obtained in the resolution test to the velocity anomalies for different regions (Fig. 11) . We then used the resulting 3-D velocities anomalies obtained below a depth of 80 km as an input model to the tomographic inversion of the P wave residuals from both the teleseismic and regional events. In this way, we performed a joint tomography of the global and regional P waves.
Results of the joint inversion
The final results of the joint inversion are displayed in horizontal sections (Fig. 12) at different depths and in vertical sections (Fig. 13) across and along the strike of the subduction zone. These sections highlight the variations of the anomalies beneath the Puna plateau. We have reasonably good resolution down to a depth of 300 km. Below this depth, the anomalies start to show smearing that tends to increase with depth. Throughout the vertical sections in Fig. 13 , the subducted oceanic lithosphere of the Nazca plate is clearly visible as a high velocity anomaly. Being in a transition zone from normal to flat subduction, the slab shallows from north to south by~100 km (section E). Widespread crustal low velocity zones in the backarc regions (between 200 and 300 km in section B and between 100 and 300 km in section E) coincide with location of the backarc volcanoes. The strong low velocity zone in the north immediately above the slab (300-400 km in section E) is consistent with earlier seismic tomography studies, in which it was interpreted as an effect of hydration of mantle wedge (Heit, 2005; Schurr et al., 2003) . The slab in Fig. 13A seems to be divided by a low velocity anomaly that might originate from fluids released in relation to the clusters of events in the Benioff zone as seen in the north of the array. The resolution of this feature is not well constrained. This low velocity anomaly in the crust might be smeared downwards producing this effect on the slab. There are also some high velocity anomalies in the upper mantle. At shallower levels in the crust, the distribution of low velocity anomalies seems to be concentrated close to young volcanic centers such as the mafic volcanic centers seen southwest and west of Cerro Galan (Fig. 12A) .
Synthetic resolution tests
A series of synthetic tests were performed to explore the vertical and horizontal resolutions and to provide essential information about the reliability of the features in the final inversion of the real data. Synthetic tests also provided means to estimate the parameters used in the inversion of the real data. In addition to the checkerboard test (Fig. 14) , we also performed the hypothesis tests shown in Fig. 15 (e.g. intra-crustal, lithospheric features and the slab). For all synthetic tests, we use the same geometry (earthquake/stations) as in the case of the real data set. The checkerboard test is designed to use alternating high and low velocity bodies with sizes of 100 × 100 × 100 km and ± 3% velocity perturbations (Fig. 14) . Random noise (5%) is added to the model. The horizontal synthetic test shows that the position of the anomalies can be well reconstructed from depths of 20 km down to a depth of 290 km in the center of the array, but their shapes become less clear at the border of the array and are therefore not well defined due to smearing. Below 150 km depth the checkerboard test reveals significant smearing in the NW-SE direction due to the dominant orientation of the ray paths from these azimuths. Although, in general, we were able to resolve the synthetic anomalies with minimal smearing.
Vertical sections along the profile lines B and E (i.e. West-East and South-North from Fig. 13) show that the lateral distribution of anomalies and their shape can be reconstructed down to a depth of 300 km.
Additionally some tests based on observed anomalies in the area of the Puna array for regional and teleseismic waves have been performed. The initial anomalies shown in Fig. 15 include three lithospheric anomalies that represent a low-velocity block (− 4%) in the volcanic arc, a high-velocity block of the Puna in the center (+ 4%), and a low-velocity block in the east which models the eastern border of the plateau (− 3%). Both low-velocity blocks can be traced down to 100 km depth, whereas the high velocity block can be traced down to a depth of 150 km. The oceanic slab is represented by the dipping high velocity body (+4%). The residual times for these tests are computed along the real ray paths. The noise is produced by a random number generator, which provides a statistical distribution similar to that of the observed residuals with a predefined synthetic amplitude.
Results of both tests show that the position and shape of the anomalies above and below the slab are well recovered and that only a little smearing occurs in the vertical direction. However, the slab itself completely disappears in the first test verifying that subducted slabs cannot be resolved by using teleseismic data alone in our network nor using data above them (e.g., Evans and Achauer, 1993) . The global tomography on the other hand, helps to reconstruct the slab as shown in the same figure (Test 2).
Tomographic results and relation to important regional features
All crustal anomalies are probably influenced by, or related to, the different morpho-structural units that limit the Puna plateau. These include, the volcanic arc known as the Central Volcanic Zone (CVZ) on the west and the Eastern Cordillera (EC) (at~66°W), which is bounded by the northern end of the Pampean Ranges to the south and the Santa Barbara System to the east (see Fig. 1 ). To better estimate the distribution of velocities and their relationships with the position of the different geological units in the area of the array we present the results of tomographic inversion for one horizontal section at a depth of 35 km. The role of magmatic activity, the distribution of certain velocity anomalies and the position of different tectonic units seem to correlate well.
This horizontal tomographic slice at 35 km, which is presented in Fig. 16 , shows a clear high velocity region in the west (i.e. blue anomaly west of 69.5°W) that corresponds to the zone of interaction between the continental South American and oceanic Nazca plates. East of 68°W, the velocities tend to be slower and reflect crustal anomalies in a region where estimated crustal thicknesses are around 60 km as seen in Fig. 5 (work in progress; Heit et al., 2010) . In the center of the array near 68°W longitude, this low velocity zone appears to be stronger and correlates with a zone of north-south trending anomalies of similar magnitude that runs from~25°S in the north to almost 28°S in the south. This is the most prominent low velocity anomaly in the southern Puna array and we will discuss in more detail in the next section (see Discussion). From the synthetic tests (Figs. 14 and 15) , we know these anomalies should be reliable. Around 67°W and 25.5°S, a high velocity block is observed north of the Cerro Galan caldera (feature G). Between 67°W and 65°W the most striking feature is the presence of a high velocity block (beneath feature Fn) at the southern end of the Puna Plateau (south of 27°S) that correlates well with the position of a Precambrian cratonic unit called the Pampian Terrane (e.g. Ramos et al., 1986 and references therein) that is supposed to be the crystalline basement of the Sierras Pampeanas. Two areas of low velocities seem to be independently distributed between 25°S and 27°S. Most of the low velocity anomalies described here correlate well with regions of young mafic volcanism and might be said to be controlled by NW-SE trending tectonic lineaments (e.g. Alonso et al., 1984) .
Young volcanic arc centers (e.g. Ojos del Salado, Tres Cruces) and backarc calderas (Cerro Galan, Cerro Blanco) are located above low velocity anomalies in the crust, some of which may originate in the upper mantle. Fig. 16 shows the locations of the major volcanic centers in the region which are included in the discussion below. One of these is the Antofalla volcanic complex (At on Fig. 16 ), which is representative of a group of stratovolcanoes where eruptions began around 14-12 Ma and peaked at 9-8 Ma with satellite cones erupting mafic lavas principally after 7 Ma and mafic flows and small silicic eruptions continuing into the Pleistocene (1.6 Ma) (e.g., Coira and Pezzutti, 1976; Richards et al., 2006) . The young eruptions are linked with an important group of mafic volcanic centers that essentially follows the line of low velocity anomalies starting in the north from the region of the Salar de Hombre Muerto around 67°W and 25.5°S to the Cerro Blanco region (Cb in Fig. 16 ) near 67°S and 27°S. One of these centers is the Carachi Pampa flow (Cp in Fig. 16 ). Risse et al. (2008) reviewed and presented Ar/Ar ages for the mafic centers showing that this volcanism began at about 6.7-7 Ma and remained focused in the region between Salar de Antofalla and the Cerro Galan caldera, where it is structurally controlled by the juxtaposition of local faults with a mix of compressional, extensional and strike slip motion (e.g., Marrett et al., 1994) . Our tomographic images show a good correlation between the distribution of low velocity anomalies and the position of these young mafic volcanic centers.
The largest volcanic center in the region is the giant Cerro Galan ignimbrite caldera complex (G on Fig. 16 ) where eruptions began at about 6 Ma (Sparks et al., 1985) and whose last major eruption is dated at 2.06 Ma (Kay et al., 2011a) . These eruptions are postulated to be related to crustal and mantle lithospheric delamination events that led to decompression melting in the mantle producing the basaltic melts that triggered the crustal melting producing the hybrid magmas that erupted to produce these ignimbrites (e.g., Kay et al., 1994 Kay et al., , 1999 Kay et al., , 2011a . Exactly beneath Cerro Galan there is no significant seismic anomaly (Fig. 16) . However, adjacent to it from the north beneath Fig. 9 . Global distribution of events (black dots) and stations (red dots) used in the inversion of the ISC catalog. The inversion is done simultaneously for direct and inverse schemes. In the direct scheme the inversion is performed using the global events with the South America stations. In the inverse scheme, the events in South America are inverted with the global stations.
Salar de Hombre Muerto a high-velocity body can be clearly observed in the crust and is named HMB (see Fig. 17 ).
To the south, young backarc volcanic activity is related to the Peinado volcano (Pn on Fig. 16 ) and the Cerro Blanco volcanic caldera (Cb on Fig. 16 ), in an area that appears to be structurally controlled by the Culampaja lineament. Further south, volcanic activity diminishes drastically, with the youngest activity related to the CVZ Ojos del Salado and Tres Cruces centers (Os on Fig. 16 ). We observed lowvelocity anomalies in the crust beneath or in the close vicinity of these volcanic centers.
Beneath the crust at 75 km depth (as seen in Fig. 12 ), the low velocities are observed only to the northeast and southwest of the array. The strongest low velocity anomaly is located in the northeast approaching the region of the Tuzgle volcano (marked as a reference for this anomaly on Fig. 13 ) but this is outside our array and we lack of sufficient resolution to confirm the presence of this feature although it has already been noted by Schurr et al. (2006) that there are low velocities related to this volcano. The high velocity units are dominating the deeper portions where it is possible to observe the subducting slab in the depth slices at 150 and 200 km ( Fig. 12C and D) . The slices at 300 and 350 km depth show a group of low velocity asthenospheric anomalies between 70°W and 66°S ( Fig. 12E and F) underlying the subducted slab that can be recognized to the east around 65°W. This is observed more clearly in the vertical sections from Fig. 13A to C where the entire asthenosphere beneath the slab is associated with a low velocity body from 150 km downwards.
To analyze the distribution of velocity anomalies, we presented in Fig. 13 , three west-east cross-sections at a spacing of 100 km. These profiles display the variation of the anomalies from north to south. The distribution and shape of the anomalies show that the low velocity zones can be separated into two groups in the north, form a single strong low-velocity region in the center and progressively become smaller and isolated to the south. We have created a conceptual cartoon to illustrate our interpretation of these anomalies.
Discussion
Here we present a tectonic and magmatic interpretation of a conception cartoon of the velocity anomalies shown on the three E-W and two N-S profiles in Fig. 17 , which are inferred from the five tomographic cross-sections in Fig. 13 . We then discuss how these features support a process of repeated and ongoing delamination (also called foundering) of the crustal and mantle lithosphere beneath the southern Puna plateau.
Starting with the northernmost W-E profile along line A, we point to the two striking low velocity anomalies (LV) on the opposite sides of the high velocity anomaly in the region of the Salar de Hombre Muerto block (HMB). These anomalies are in good agreement with previous tomographic results in which branched low velocity zones to the west and east were interpreted as possible ascent paths for fluids and melts from the asthenosphere into the crust (e.g. Heit, 2005; Heit et al., 2008; Koulakov and Sobolev, 2006; Schurr et al., 2006) . The western branch is indicated by the low velocity anomaly pointing towards the region of the Antofalla volcanic complex east of the volcanic arc, whereas the eastern branch is the one pointing towards the eastern side of the array in the Eastern Cordillera. The western low velocity anomaly is also clearly seen in the horizontal section at 35 km depth in Fig. 16 , at which depth it likely coincides with the presence of partial melt in the crust. We call this low velocity anomaly, the Southern Puna Magmatic Body (SPMB). This anomaly coincides with a region of 6.7 Ma to Holocene mafic volcanism on the surface. It is also significant that there is no low velocity anomaly under the frontal CVZ arc region to the west where the volcanoes are currently considered to be inactive according to the Smithsonian catalog of active volcanism. The eastern low velocity anomaly, much of which is in the lower crust and uppermost mantle could also reflect fluids and melts related to the influx of hot asthenosphere in contact with continental lithosphere above the subducting slab. The youngest known surface volcanism to the east is related to the early Pliocene (~4.7 Ma) Antilla magmatic complex near 64.7°W (e.g. Gioncada et al., 2010) . Between these two low-velocity zones and beneath the Salar de Hombre Muerto just north of Cerro Galan, we designate the high velocity zone as the Hombre Muerto block (HMB). This block could be related to the high velocity region in the eastern border of the Puna plateau described by Heit (2005) as it coincides with the easternmost border of the plateau where Paleozoic granitic and metamorphic rocks outcrop (e.g., Rapela et al., 1992) . Another significant feature in the region of the Hombre Muerto block is that this is the area where Moho phases detected by P and S receiver functions suggest an anomalously thickened crust (ca. 80 km) relative to the surrounding region Fig. 5) . Below this high velocity block is another area of incipient high velocity between the base of the lithosphere and the slab at a depth near 100 km that is labeled DB?. This high velocity block could represent the remnants of a previously delaminated, foundered block.
Further south in Fig. 17B where the cross-section runs along the highest station density of the array, many of the same features occur. In comparison, the low velocity anomaly called the Southern Puna Magma Body is clearer than in Fig. 17A as the low velocities are concentrated in the center of the profile where they appear to be aligned beneath the near arc andesitic Cerro Peinado volcano and the backarc Cerro Blanco rhyolitic ignimbritic caldera. A number of other young mafic volcanoes between profiles A and B (e.g. Antofagasta, Jote, Alumbrera volcanoes; see map in Risse et al., 2008) are also likely linked to this low velocity body, which extends as far east as 67°W. The distribution of these centers is consistent with profile B being in a region where the crust contains more partial melt than in profile A. The crustal low velocity anomalies appear to be related to partial melts trapped in the crust that were triggered by asthenospheric melts at depth (Kay et al., 2011a; Risse et al., to be submitted) . As in profile A, the frontal volcanic arc to the west is disconnected from this area of low velocity consistent with the absence of currently active centers in this part of the CVZ arc.
The low velocity area in profile B just west of~66°W extends towards the easternmost part of the array in the area of the Sierras Pampeanas ( Fig. 1A and B) where the most recent volcanism recorded on the surface is the earliest Pliocene volcanism at Farallon Negro (e.g. Sasso and Clark, 1998) . The high velocity block in the crust at the border of the Puna plateau is clearly observed to be in the mid to lower crust in profile B with a part of it being beneath the crust. This block coincides with the region of Precambrian cratonic rocks from the Pampia Craton (e.g. Ramos et al., 1986) . The Sierras Pampeanas block (SPB) could have played a key role in the evolution of the Puna Plateau to the south as it marks an abrupt end to the distribution of velocities in the Sierras Pampeanas-Puna Plateau border region. The low velocity zone east of the SPB, in the crust and upper mantle could be linked to the area of transition between the Sierras Pampeanas, the Puna Plateau and the Santa Barbara System on the easternmost part of our array.
In the southernmost part of the array (Fig. 17C) , a clear low velocity anomaly in the crust is concentrated in the volcanic arc where the large and potentially active Ojos del Salado and Tres Cruces volcanic centers are located (see summary in Kay and Mpodozis, 2002) . Further east, a small low velocity region under the backarc is emplaced south of the main low velocity zone labeled SPMB in profile B whose full extent is shown in the outlined region. This block is located beneath the Fiambala basin, which is part of the Famatina System region between the main Andean Cordillera Frontal and the Pampean ranges, in an area of hotsprings and hydrothermal activity. The low velocity region on the eastern border of the array as seen in profiles A and B is not present in profile C where its place is occupied by the high velocity SPB consistent with the asthenosphere in this region being cooler than to the north and with the lack of backarc volcanism. The decrease in the dip of the subducting Nazca plate under his region is also clearly seen in the high velocity anomaly near 100 km depth. The south-north profile along the volcanic arc shown in Fig. 17D reveals a low velocity body beneath the Ojos del Salado volcano and a high velocity block to the north, which is probably related to the effects of the subducting slab. Kay et al. (2011b) suggested the high velocity region might reflect forearc lithosphere built up as a result of subduction erosion associated with frontal arc migration (Goss and Kay, 2009; Kay and Mpodozis, 2002) . As in profiles A and B, there is no low velocity anomaly associated with the currently inactive CVZ frontal arc centers north of the Ojos del Salado volcano. Another outstanding feature in this section is the north-south trending slab that remains at a constant depth of~100 km. The changes in the dip of the subduction from north to south has not yet began at this depth, as well indicated by the slab contours in Fig. 1A .
The profile in Fig. 17E runs parallel to the highest south-north station density of our seismic array. A low velocity area in the south of this profile is outside of the array and the area of confidence of our data. In the center of the profile, we see the large low velocity anomaly labeled SPMB in profiles A and B. In the north-south profile D, it is possible to see that this low velocity anomaly extends from north of the intersection with profile C to the southern edge of the Hombre Muerto high velocity block (HMB). North of the Hombre Muerto block, another low velocity body overlaps the lower crust and uppermost mantle. This anomaly extends northward towards the young Tuzgle volcano , which is outside our array but that has been shown to be associated with a strong low velocity anomaly attributed to delamination by Schurr et al. (2003) . In this region, many young volcanic centers are associated with high electrical conductive anomalies detected by magnetotellurics (e.g. Díaz et al., 2012; Lezaeta and Brasse, 2001) . Profile E also shows the same high velocity anomalies in the crust and mantle shown in profile A. They are recognizable as the anomaly labeled the Hombre Muerto Block (HMB) in the crust and the weaker anomaly labeled DB? for delaminated or foundered lithospheric block. The southward shallowing of the subducting Nazca plate is also well illustrated by the high velocity anomaly corresponding to the slab that runs from~200 km depth in the north to near 100 km depth in the south.
The region to the south of the study area is marked by the volcanic gap related to the low subduction angle of the Nazca plate (Fig. 10 , Section 4), which is alternatively known as the Chilean, Pampean or Chilean-Pampean flat-slab (e.g. Cahill and Isacks, 1992) . The causes for the flat-slab segment remain controversial, but many authors have suggested its origin is related to the subduction of the Juan Fernandez Ridge (e.g., Kay and Mpodozis, 2002; Yáñez et al., 2001) . Recently, Gans et al. (2011) improved the quality of the Moho topography over the flat-slab by using receiver functions and suggested that the flattening is consistent with being the result of the subduction of over-thickened oceanic crust along the trace of the Juan Fernandez Ridge. A number of other authors based on results from seismic studies in the flat-slab region south of our array have shown the topography of the continental Moho (e.g. Alvarado et al., 2005 Alvarado et al., , 2007 Fromm et al., 2004; Gilbert et al., 2006; Heit et al., 2008) . As in the sections of our tomographic images south of 27.5°S (Fig. 10 , Section 4; Fig. 13 profiles C, D, and E), reliable low velocity anomalies are sparsely distributed in the crust. The low velocity anomalies appearing on our profile C are near 69°W where the active CVZ volcanic arc begins. The contrast with our profiles to the north is consistent with a distinctively cooler thermal regime in the flat-slab region than in the Puna where lithospheric low velocity anomalies are widespread. As pointed out by Barazangi and Isacks (1976) , the flattening of the subducting slab results in a reduction in the asthenospheric wedge leading to a restricted evolution and movement of fluids and magma in the narrowed mantle wedge. The tomographic sections in Fig. 13 also show large low velocity anomalies of various dimensions below the slab. These low velocity anomalies are distributed across the area but tend to be concentrated just behind the volcanic front and where the slab tends to be shallower and flatter in the backarc. These low velocities (Fig. 17A to E 
Relationship to the delamination model
A number of features in the tomographic images of the southern Puna could be consistent with the delamination model proposed by Kay et al. (1994) in the region of the Cerro Galan caldera and amplified into a model for repeated delamination over a steepening subduction zone since the latest Miocene by Kay and Coira (2009) . Evidence for delamination was based on the late Miocene to Quaternary eruptions of the Cerro Galan ignimbritic center, a concentration of b 7 Ma primitive mafic lavas in the southern Puna generally associated with faults that formed in response to change in the regional stress regime, high pressure chemical signatures in evolved magmas, a high average regional elevation and seismic evidence for a thin underlying lithosphere and an abnormally hot subducting slab.
In addressing the evidence for previous delamination, we point to the high velocity region in the asthenosphere that we interpret as the remnants of a delaminated lithospheric block (DB?) that could be linked to the formation of the~2 Ma Galan ignimbrite. Supporting evidence for delamination also comes from the distribution of low velocity zones. In particular, we consider the position of the high velocity DB block surrounded by low velocity anomalies to the south, north and west to be significant as we attribute these low velocity anomalies to regions of thinned lithospheric mantle where decompression mantle melts have triggered partial melting in the crust. It is particularly significant that the low velocity anomaly to the south and west, which corresponds to the Southern Puna Magma body (SPMB), is associated with repeated mafic surface volcanism that began at~6.7 Ma. The removal of the delaminated lithosphere would allow the influx of asthenospheric material seen on west-east profile that crosses the Cerro Galan region on Fig. 17A . The low velocity anomaly in the north seen on the south-north profile 17 E is also over a region of repeated mafic volcanism. Thus, both the mafic volcanism and the Cerro Galan ignimbrites are consistent with a link to foundering and delamination of the underlying lithosphere. The key to this argument is if the material from the delaminated Puna lithosphere is really what is seen in the high velocity region interpreted as the delaminated block. If this feature is not well resolved, further tomographic studies using local earthquakes could help us to shed light on this question. The other lingering question is the origin of the low velocity anomalies in the east on profiles 17A and 17B, where the youngest volcanism at the surface is early Pliocene in age.
The question as to why delamination events would be triggered north of the Cerro Galan region could be related to the presence of a pre-existing dense crust under this area, which was residual to the prominent Ordovician arc (e.g., Rapela et al., 1992; Coira et al., 1999 ) that existed in this area. The region is also unique in being near the important structural transition east of the Puna at 26°S which separates the Eastern Cordillera and the Santa Barbara belt to the north from the Sierras Pampeanas to the south (Fig. 1) . In addition, Andean contractional deformation would lead to further crustal thickening enhancing the instability of a thick crust with an eclogitic base that in turn could trigger lithospheric delamination (or foundering).
The major eruptions of the Cerro Galan caldera also largely coincide with the principal pulses in the post 8-7 Ma uplift of the Sierras Pampeanas to the east, suggesting a possible cause and effect relationship (see Kay and Coira, 2009; Kay et al., 2011a) . One possible model is that contraction-related failure of the melt weakened crust beneath Cerro Galan squeezed out partial melts from the mid to deep crust to produce the ephemeral magma chambers that erupted the ignimbrites, including the giant Galan ignimbrite (500 km3) at 2 Ma. Renewed thickening of the crust in these periods could also partially explain the thick crust inferred from the receiver function analyses. The high velocity tomographic anomaly in profile A could thus be partly related to granulitic and eclogitic crust created in the course of crustal thickening as mantle-derived basaltic melts produced the hybrid melts that later became the ignimbrites. A complementary explanation for the high velocity Hombre Muerto crustal block is that this region coincides with an area of incomplete crustal delamination in previous events. A dense residual thickened crust sets the scene for a future episode of lower crustal and lithospheric foundering or delamination in a repeated cycle. Temporal variations in mantle-derived mafic magma chemistry fit with Neogene mantle enrichment by introduction of crustal material into the mantle during the subduction and delamination process (e.g. Mpodozis, 2001, 2002) .
In this vein, the tomographic images presented here might suggest that the delamination process in this region is still on-going. In particular, the images show the Hombre Muerto high velocity body block (HMB) in the crust on the northern margin of the Cerro Galan region, which is also apparently a concentrated region of very thick crust (Fig. 5) . We speculate that this high velocity anomaly is thickened, dense crust that could be a trigger for a future period of delamination. A high lithostatic pressure could assist in the eclogite phase transition and help to stimulate the delamination process.
Conclusions
Seismic images of the Southern Puna crust and upper mantle are largely dominated by the subducting Nazca slab and the low velocities related to the volcanism possibly originating from lithospheric delamination in the north of our study area. Benefiting from the joint inversion of regional, teleseismic and the global ISC catalog data, the subducted oceanic lithosphere of the Nazca plate has been clearly observed. Being in a transition zone from normal to flat subduction, the slab shallows from north to south by~100 km. The main velocity anomalies across the region are emplaced in areas with crustal thicknesses ranging from about 50 to 80 km. The anomalies are also related to a mid-crustal back arc melt zone under the southern Puna, and might represent evidence for delaminating or recently delaminated lithospheric blocks. The velocities are low where the crust is thin in the center of the plateau and high in the area where the crust is thick in the Galan area.
The tomographic images suggest that the thermal state of the Puna plateau is relatively hot as suggested by Whitman et al. (1992 Whitman et al. ( , 1996 and Heit et al. (2008) . This thermal effect can be interpreted on the basis of the extension of the crustal low velocity body that we call here the Southern Puna Magmatic Body (SPMB). The SPMB stretches from the south towards the north of the array in connection with most of the prominent volcanic fields in the back arc.
The Southern Puna Magma Body could be disconnected from the Altiplano Puna Low Velocity body described for the northern Puna and the Altiplano plateaus by Yuan et al. (2000) . The limit between the SPMB and the Altiplano Puna Low Velocity (APLV) zone could be related to the presence of the Olacapato-Toro lineament in the north of the array which is responsible for the differences between the southern and northern Puna areas.
Only the Archibarca lineament seems to correlate well with our results while the others lineaments to the south do not seem to be inducing any changes in the distribution of velocities in the crust. Although some local velocity variations can be seen along the trace of these crustal lineaments (e.g. Peinado and C. Blanco volcanoes with lineament C), most of the velocity variations are not observed along the entire extension of the lineaments and might therefore be controlled only locally.
The volcanic arc seems to be disconnected from the SPMB and only correlates with low velocities in the area of the Ojos del Salado-Tres Cruces volcanic field in the southwest of the array. The Culampaja and Ojos del Salado lineaments could play a key role in the distribution of the anomalies. As in the case of the Archibarca lineament, attributed to an area where the Antofalla volcanic complex and the Cerro Galan caldera are located, these crustal lineaments might be regulating the movement of fluids within the crust. This is best observed in Fig. 16 where there appears to be a correlation between the different lineaments in the Puna and the position and distribution of low velocities in the crust at a depth of 35 km.
The late Miocene centers further east (i.e. Farallon Negro) represent the easternmost volcanic centers in the southern Puna and indicate that the region has been subject to volcanic activity at different stages in the geodynamic evolution of the plateau. This volcanic activity seems to correlate well with the distribution of anomalies in the center of the array where it is possible to delineate most of them with the presence of intra-crustal magma chambers in the plateau. Probably, these older volcanic centers are reflecting the story of the shallowing and steepening of the subduction zone as suggested by Kay and Coira (2009) . The abrupt change in velocities at the southernmost end of the Puna Plateau coincides with the region of crystalline basement rocks from the Pampia Craton which could have imposed a barrier for the Puna growth to the south. The Pampian lithosphere could be therefore responsible for the evolution of the plateau and the distribution of deformation and volcanism in this region.
As discussed above, the~6.7 to 2 Ma activity of the Cerro Galan ignimbrite caldera complex has been postulated to be related to crustal and mantle lithospheric delamination that lead to decompression melting that produced the mantle basaltic melts that triggered crustal melting that produced the ignimbrites (e.g., Kay et al., 1994 Kay et al., , 1999 Kay et al., , 2011a . Contemporaneous mafic lavas erupted from the Salar de Hombre Muerto in the north to the Cerro Blanco region in the south during this same time are also suggested to be triggered by this delamination event. This delamination model is supported by our tomographic images where we see a good correlation between the distribution of low velocity anomalies in the mantle and crust and the position of these mafic volcanic centers and a high velocity region in the mantle that could represent the delaminated block in the north of our study area.
Finally, the distribution of velocities north and south of the Hombre Muerto Block and the incipient evidence for delaminated material in the upper mantle could be indicating that beneath Galan the delamination process already happened. The process could be still active induced by the thicker crust currently under the effects of higher lithostatic pressures that could stimulate the delamination process and thus could continue delaminating to the north in the future.
